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Abstract―The precise knowledge of the beginning and the end of the growing season is 
necessary for the calculation of climatic indicators with evident effect on grapevine 
production. The aim of this study is to develop suitable methods on the basis of thermal 
conditions that can be used for calculation of the beginning, the end, and the length of the 
growing season for every single year. The two most accurate methods (‘5mid’ and ‘int’) 
are selected using the root-mean-square error compared to the reference growing season 
values based on averaging the daily mean temperature for several decades. In case of the 
‘5mid’ method, the beginning (or the end) is the middle day of the first (or last) 5-day 
period with temperature not less than 10 °C. In case of the ‘int’ method, the beginning (or 
the end) of the growing season is the day after March 15 (or September 15), when the 
smoothed series of daily temperature using the monthly average temperatures of March and 
April (or September and October) exceeds 10 °C (or falls below 10 °C). As a next step, 
several climatic indicators (e.g., Huglin index and hydrothermal coefficient) are calculated 
for Hungary for three time periods (1961−1990, 2021−2050, and 2071−2100*) using the 
‘5mid’ and ‘int’ methods. For this purpose, the bias-corrected daily mean, minimum, and 
maximum temperature and daily precipitation outputs of three different regional climate 
models (RegCM, ALADIN, and PRECIS) are used. Extreme temperature and precipitation 
                                                          
* In the case of the PRECIS model, due to its shorter simulation time range, we calculated the indicators for the 
period 2069−2098. 
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indices are also evaluated as they determine the risk of grapevine production. The spatial 
distributions of the indicators are presented on maps. We compare the indicators for the 
past and for the future using one-way completely randomized robust ANOVA (analysis of 
variance).  
Results suggest that changes of temperature conditions in the 21st century will favor 
the production of red grapevine and late-ripening cultivars. Furthermore, drought seasons 
will be longer and extreme high summer temperatures will become more frequent, which 
are clearly considered as high risk factors in grapevine production. Besides the negative 
effects, the risk of winter frost damage is expected to decrease, which is evidently a 
favorable change in terms of grapevine production. 
 
Key-words: Vitis vinifera, growing season calculation method, climatic indicator, ANOVA, 
Bonferroni’s correction, RegCM, ALADIN, PRECIS 
 
 
1. Introduction 
Grapevine production in Hungary is enabled by favorable climatic conditions. 
Certain climatic events, however, can result in risk factors to the current 
production practices including the selection of specific grapevine cultivars. In this 
study, we apply indicators related to risk factors, and analyze their temporal and 
spatial changes. 
Wine regions can be characterized with climate indicators that have evident 
effect on grapevine production based on temperature and precipitation (Hlaszny, 
2012; Ramos et al., 2008; Santos et al., 2012). The comparison of vine growing 
regions worldwide can be done by analyzing the climate indicators based on 
observed meteorological data (Bois et al., 2012; Jones et al., 2009). These 
indicators can also be calculated using climate model simulation outputs for the 
21st century (Hlaszny, 2012; Moriondo et al., 2013; Neumann and Matzarakis, 
2011; Szenteleki et al., 2012). These results predict the changes in risk factors 
(e.g., long dry period and extreme heat), thus they can help farmers make long 
term decisions about the selection of favorable grapevine cultivars. Usually, a 
fixed growing season time interval is used in the calculation of the indicators, 
although the beginning and the end of the growing season depend on the actual 
meteorological conditions of each year. Since the variability of meteorological 
parameters (especially temperature) is expected to increase during the 21st 
century (IPCC, 2013), a modified growing season calculation method is 
reasonable to be used. It is desirable to find methods, which can handle the 
increasing frequency of extreme meteorological events. 
Instead of the commonly used fixed time interval definition (i.e., April 1 – 
September 30), we calculate the length of the growing season on the basis of 
actual thermal conditions with the ultimate aim to develop suitable methods for 
determining the beginning, the end, and the length of the growing season by taking 
into account the different meteorological conditions throughout every single year. 
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The methods introduced in this study can handle the extreme temperature events 
of each year as they follow the temperature conditions on a day-by-day basis. 
In our previous study (Mesterházy et al., 2014), we analyzed the changes of 
climatic indicators having evident effect on grapevine production with a modified 
growing season calculation method applied to Hungary for the 21st century. 
In this paper, we complete the earlier conclusions with new results obtained 
through model refinement. In this study, a total of ten accurate definitions of the 
beginning, the end, and the length of the growing season are introduced, 
compared, and analyzed. We use a method (the so-called ‘reference’ method), that 
is based on averaging the daily mean temperatures of a 30-year-long period, which 
provides roughly accurate overall estimations of the beginning, the end, and the 
length of the growing seasons for a long time interval. In order to find the most 
accurate method (or methods), we define nine additional growing season 
calculation methods and compare their accuracies to the ‘reference’ method. 
After having chosen the two most accurate growing season calculation 
methods, we use them to create several climatic indicators (e.g., the Huglin index 
and hydrothermal coefficient) based on temperature and precipitation values. We 
analyze the spatial and temporal distribution of these climatic indicators and 
present our results on maps created by ArcGIS. Our study focuses on Hungary 
and uses bias-corrected outputs (daily minimum, maximum, and mean 
temperature, as well as daily precipitation) of three different regional climate 
models (RegCM, ALADIN, PRECIS). 
2. Applied methods 
2.1. Applied regional climate models and time periods 
We use the daily mean, minimum, and maximum temperature, and daily 
precipitation outputs of the following model simulations carried out in the 
framework of the European ENSEMBLES project (van der Linden and Mitchell, 
2009): RegCM (Giorgi et al., 1993) and ALADIN (Déqué et al., 1998) regional 
climate models and PRECIS regional climate model developed by the UK Met 
Office Hadley Centre for Climate Prediction and Research (Wilson et al., 2007) 
and applied specifically to the Carpathian Basin (Pieczka, 2012). The raw regional 
climate model (RCM) outputs generally overestimate the temperature in the 
summer and the precipitation throughout the entire year (Pongrácz et al., 2011; 
Pieczka et al., 2011). Therefore, they were corrected using a percentile-based bias 
correction technique (Formayer and Haas, 2010) by the correction of the 
simulated daily outputs on the basis of the monthly distributions of observed 
meteorological data. Observations are available from the gridded E-OBS database 
(Haylock et al., 2008). The RCM simulations use the A1B emission scenario 
(Nakicenovic and Swart, 2000) for the 21st century. All RCMs applied a 
220 
horizontal resolution of 25 km in the Carpathian Basin between latitudes 
44°−50°N and longitudes 14°–26°E. 
We used 228 grid points (g=1, …, 228) covering Hungary, and time periods 
R: 1961−1990 (as the reference period), F1: 2021−2050, and F2: 2071−2100*. 
2.2. Methods used for calculating the length of the growing season 
We aim to define the beginning, the end, and the length of the growing season for 
year k taken from time periods R, F1, F2 or F2,P and for all grid points g of Hungary 
using nine different methods. 
First, we use the moving average method to define the ‘reference’ method 
for the calculation of the beginning, the end, and the length of the growing season 
(Ambrózy et al., 2002). In this method, an array of average daily temperatures is 
produced – for every day i of the year – by calculating the mean temperatures of 
the day )),(( kiT g  over a 30-year period: 
 
 )),(()( kiTAveriT g
k
g
=  (݇ ∈ R or F1 or F2 or F2,P),  (1) 
 
and then, the array is smoothed by averaging the array values in 5-day-long time 
windows. 
The beginning and the end of the growing season are defined as the first and 
last days when the smoothed average temperatures are not less than 10 °C, which 
is considered as the biological base temperature of grapevines (Amerine and 
Winkler, 1944; Winkler et al., 1974; Kozma, 2002). We use this method in 
calculating datasets for the beginning ( g refB;G ), the end ( g refE;G ), and the length (
g
refL;G ) of the growing season for the 30-year time periods R, F1, F2, F2,P, and for 
every grid point g in Hungary. 
As a next step, we introduce the following methods for calculating the 
beginning of the growing season: 
• Methods ‘3’ and ‘5’ choose the first day of the first 3-day ( )(GB;3 kg ) or  
5-day ( )(GB;5 kg ) long period that continuously has daily mean temperatures 
not less than 10 °C; 
• Methods ‘3mid’ and ‘5mid’ choose the middle day of the first 3-day  
( )(G B;3mid kg ) or 5-day ( )(G B;5mid kg  long period that continuously has daily mean 
temperatures not less than 10 °C; 
• Methods ‘MA3’ and ‘MA5’ choose the first day of the first 3-day  
( )(G MA3B; kg ) or 5-day ( )(G MA5B; kg ) long period that continuously has daily mean 
                                                          
* In the case of the PRECIS model, due to its shorter simulation time range, we calculated the indicators for the 
period F2,P: 2069−2098. 
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temperatures not less than 10 °C in the annual temperature dataset smoothed 
by the 5-day-long moving average (MA) method; 
• Methods ‘MA3mid’ and ‘MA5mid’ choose the middle day of the first 3-
day ( )(G MA3midB; kg ) or 5-day ( )(G MA5midB; kg ) long period that continuously has 
daily mean temperatures not less than 10 °C in the annual temperature 
dataset smoothed by the 5-day-long moving average (MA) method; 
• Method ‘int’ uses interpolation method (Csepregi, 1997; Hlaszny, 2012), 
where we choose the first day ( )(G B;int kg ) after March 15, when the series of 
daily temperatures smoothed using the monthly average temperatures of 
March and April, exceeds 10 °C. The unit temperature change used in this 
interpolation is given as: 
 
 
31
)()(
)(
kTkT
kd
g
March
g
Aprilg
B
−
= , (2) 
 
where )(kT gMarch  and )(kT gApril  are the monthly mean temperatures in March and 
April, respectively, for year k, and measured in °C units. The first day of the 
growing season is given as: 
 [ ] )(15March  )( th;int knkG gBgB += , (3) 
 
where )(kngB  is the lowest natural number above )(
)(10
kd
kTC
g
B
g
March−° . 
We calculate the end of the growing season ( )(; kG g ME ; where M=‘3’, ‘5’, 
‘3mid’, ‘5mid’, ‘MA3’, ‘MA5’, ‘MA3mid’, ‘MA5mid’) with the same methods, 
substituting the first day with the last day of the given periods. For the 
interpolation method denoted with index ‘int’, we substitute )(kd gB  and )(;int kG gB  
with )(kd gE  and )(;int kG gE defined as: 
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 [ ] ( )1)(15 September )( th;int −+= knkG gEgE , (5) 
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where )(kT
g
September  and )(kT
g
October  are the monthly mean temperatures in September 
and October, respectively, for year k, and measured in °C units; and )(kn
g
E is the 
lowest natural number above 
)(
10)(
kd
CkT
g
E
g
September °− . This way, )(;int kG gE  is defined as 
the first day after September 15 when the daily temperature, smoothed using the 
monthly average temperatures of September and October, falls below 10 °C. 
We calculate the length of the growing season ( )(, kG g ML ; where M=‘3’, ‘5’, 
‘3mid’, ‘5mid’, ‘7mid’, ‘MA3’, ‘MA5’, ‘MA3mid’, ‘MA5mid’, ‘int’) with the 
following formula: 
 
1)()()( .., +−= kGkGkG
g
MB
g
ME
g
ML .  (6) 
 
For each grid point g, we calculate the average length of the growing season 
for year k of the periods R, F1, F2, F2,P as: 
 ( ))(;; kGAverG g MLkg ML = . (7) 
 
After taking the average values of g MBG ; , g MEG ; , g MLG ;  over all grid points g, the 
results are denoted by MBG ; , MEG ; , MLG ; . 
We use the average root-mean-square error (RMSE, [day]) taken over all grid 
points g of Hungary to compare the ‘reference’ growing season values ( g refLG ; , g refBG ;  
and g refEG ; , respectively), with the other nine growing season datasets (Table 1). 
Percentages of cases are calculated when RMSE values are below a certain value 
considering the results of all the three regional climate models (RegCM, 
ALADIN, and PRECIS) and all the three time intervals (1961−1990, 2021−2050, 
and 2071−2100*) involved in the survey. For the length of the growing season, 
methods g midLG 5;  and gLG ;int  result in the best estimations, i.e., RMSE values are 
below 9 days in 89% of the cases. 
For the beginning of the growing season, methods g midBG 5;  and gBG int; , whereas 
for the end of the growing season, methods gEG 5; , g midEG 5; , and g midMAEG 5;  are the best 
estimators of g refBG ;  and g refEG ; , respectively. These methods give RMSE values 
below 5 days at least 67% of the cases (see Table 1).  
For the calculation of the climatic indicators and extreme temperature and 
precipitation indices (which apply the beginning and/or the end of the growing 
season), we use the two most accurate methods: ‘5mid’ and ‘int’. 
 
                                                          
* 2069−2098 for the PRECIS model 
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Table 1. The percentages of the cases when the average RMSE values [day] taken over all 
grid points of Hungary are below 9 days for the length and are below 5 days for the 
beginning and the end of the growing season (GS). Percentages are calculated considering 
the results of all the three regional climate models (RegCM, ALADIN, and PRECIS) and 
all the three time intervals (1961−1990, 2021−2050, and 2071−2100*) involved in the 
survey. (For the notations and definitions of growing season calculation methods see 
Section 2.2.) The best estimations are indicated by bold characters 
 Growing season (GS) calculation methods 
‘3’ ‘5’ ‘3mid’ ‘5mid’ ‘MA3’ ‘MA5’ ‘MA3mid’ MA5mid’ ‘int’ 
Length of GS  
RMSE< 9 days 
0% 56% 0% 89% 0% 0% 0% 44% 89% 
Beginning of GS 
RMSE< 5 days 
0% 33% 0% 67% 0% 11% 0% 33% 100% 
End of GS 
RMSE< 5 days 
0% 78% 0% 100% 0% 22% 11% 67% 33% 
 
 
 
 
 
2.3. The applied indicators and the extreme indices of temperature and 
precipitation 
The following indicators and extreme indices are calculated for a given year k for 
all grid points g, and analyzed in this paper: 
• )(kAWI gGS  (adjusted Winkler index in °C): sum of the residual above 10 °C 
of daily mean temperatures during the growing season (i.e., the time interval [ ])();()( kGkGkGS gEgBg = ). 
• )(kAHI gGS  (adjusted Huglin’s heliothermal index in °C):  
 
( ) ( )[ ]
=
−+−
=
)(
)(
,
,
max
2
10),(10),(
)(
kG
kGi
gg
g
GS
g
ME
g
MB
ikTikT
dkAHI ,  (8) 
 
where d is the latitude coefficient (1.05 in Hungary), ),( ikT
g
 is the daily mean 
temperature (in °C), and ),(max ikT
g
 is the daily maximum temperature (in °C) on 
day i in year k. 
• )(kAHTC gGS  (adjusted hydrothermal coefficient): 
 
                                                          
* 2069−2098 for the PRECIS model 
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10
)(
)(
)(
kTempSum
P
kAHTC g
kGS
g
kg
GS
GS
⋅
= , (9) 
 
where )(kPgGS  is the sum of precipitation (in mm) during )(kGSg , )(kTempSumgGS  is 
the sum of daily mean temperatures (in °C) during )(kGSg  when the temperature 
is not less than 10 °C. The optimal )(kAHTC gGS  value for growing grapevines is 
around 1.0, while the minimum value is 0.3–0.5 and the maximum value is  
1.5–2.5. Grapevine growth stops below gGSAHTC =0.5, grapevine production in 
such a case is only possible if the humidity is high or if irrigation is applied. 
• )(kPgGS  (in mm): the sum of precipitation during )(kGSg . 
• )(_5 kLRPg GSA  (in days): the longest unbroken (rainy) period of precipitation in 
year k with above 5 mm per day during )(kGSg . 
• )(_1 kLDPg GSB  (in days): the longest unbroken (dry) period of precipitation in 
year k with below 1 mm per day during )(kGSg . 
• g GSAYN _35 : the number of years with at least one day when the daily maximum 
temperature is above 35 °C during gGS . 
• )(_1 kDN g GSfmB : the number of days when the daily minimum temperature is 
below −1 °C during the first part of )(kGSg  (from )(kGgB  to the end of June).  
• )(_17 kDN g DmB  and )(_21 kDN g DmB : the number of days when the daily minimum 
temperature is below −17 °C or −21 °C during dormancy (i.e., the days 
between )(kGgE  and )1( +kGgB ). 
(For more details about these indicators, see Seljaninov, 1928; Amerine and 
Winkler, 1944; Davitaja, 1959; Winkler et al., 1974; Huglin, 1978; Oláh, 1979; 
Dunkel and Kozma, 1981; Riou, 1994; Kozma, 2002; Szenteleki et al., 2012.) 
For each grid point g, the averages of )(kAWI gGS , )(kAHI gGS , )(kAHTC gGS , )(kPgGS
)(_5 kLRP
g
GSA , and )(_1 kLDPg GSB  are calculated, then the sums of )(_1 kDN g GSfmB , 
)(_17 kDN
g
DmB , and )(_21 kDN g DmB  over all k are calculated. We denote these averages 
and sums with gGSAWI , gGSAHI , gGSAHTC , gGSP , etc. 
2.4.  Statistical analysis 
In the case of all indicators and extreme indices defined in Section 2.3., we compare 
the 30-year-long time periods R, F1, F2, and F2,P at all grid points, using the one-way 
completely randomized robust ANOVA (analysis of variance) at all the grid points. 
When having significant results, we continue the analysis with pairwise comparisons 
using Bonferroni’s Type I error correction (at the p < 0.05 level). 
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The assumption of normality of residuals was accepted, except in a few 
number of grid points, in all examined time periods and all growing season 
calculation methods. The homogeneity of variances is violated in a great number 
of grid points, which can be explained by the increasing variability of temperature 
data in the 21st century. 
3. Results 
It is important to note that RCMs assume plain surfaces despite of the built-in 
topography. This means that our results do not include topography-related 
variations in heat, sunlight exposure, and microclimatic influences, all having 
evident effect on grapevine production. 
3.1.  Beginning, end, and length of growing season ( g MBG ; , g MEG ; , and g MLG ; ; 
where M=‘5mid’, ‘int’) 
The average length ( midLG 5; ) of growing seasons g midLG 5;  taken over all grid 
points g and for the reference period (R: 1961–1990) is 192 days (April 10 – 
October 18). Longer growing seasons (meaning earlier g midBG 5;  and later g midEG 5; ) 
occur typically in plain regions, while shorter growing seasons occur in hilly 
terrains. Such regional differences are projected for the 21st century (see Figs. 1 
and 2). According to all three RCMs, the average growing season length  
( midLG 5; ) is 214 days (March 30 – October 29) in the time period 2021–2050. 
RegCM and ALADIN simulation data show 229-day-long growing season 
(March 21 – November 4) up to the end of the 21st century. The PRECIS model 
simulation predicts that a 238-day-long growing season (March 20 – 
November 12) is also possible. 
The calculation with the ‘int’ method shows similar spatial and temporal 
distributions. The length of the growing season has an average of 182–190 days 
(April 12 – October 15) in the reference period. RegCM and ALADIN 
simulations show a 201-day average growing season length (April 4 – 
October 21), while the PRECIS model estimates it to be 214 days long (March 31 
– October 30) in the time period 2021–2050. For the end of the 21st century, 
RegCM and ALADIN outputs show an average of 210-day-long growing season 
(March 27 – October 22), and PRECIS simulation results with an up to 226-day-
long growing season (March 25 – November 5). 
These results suggest that because of the changing thermal conditions, the 
growing season is expected to be significantly longer in the middle and end of 
the 21st century, compared to what is calculated for (and observed at) the end 
of the 20th century. The beginning (the end) of the growing season tends to 
occur usually earlier (later) in the future, compared to what was experienced in 
the past. 
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Fig. 1. The beginning of the growing season ( g midBG 5; ) in Hungary calculated with the 
‘5mid’ method. Rows represent different time slices, i.e., 1961−1990 (upper row), 
2021−2050 (middle row), and 2071−2100* (lower row). Columns correspond to RegCM 
(left), ALADIN (middle), and PRECIS (right) simulations. 
 
                                                          
* 2069−2098 for the PRECIS model  
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Fig. 2. The end of the growing season ( g midEG 5; ) in Hungary calculated with the ‘5mid’ 
method. Rows represent different time slices, i.e., 1961−1990 (upper row), 2021−2050 
(middle row), and 2071−2100* (lower row). Columns correspond to RegCM (left), 
ALADIN (middle), and PRECIS (right) simulations. 
 
 
3.2. Adjusted Winkler index and adjusted Huglin’s heliothermal index (
g
GSAWI  
and 
g
GSAHI ) 
The average length of the growing season calculated with the ‘5mid’ method is 
usually longer than the one calculated with the ‘int’ method, therefore, the heat 
sum indicator values ( gGSAWI  and gGSAHI ) are evidently higher, with an average of 
0–150 °C. 
According to the RCMs, values of gGSAWI  calculated for the reference period with 
the ‘5mid’ and ‘int’ methods are in the range of 833–1540 °C and 813–1501 °C, 
respectively. Higher values are usually in the plain regions, and lower values can be 
found in hilly terrains. Values of gGSAWI  estimated for the middle of the 21st century 
can be as high as 1700–2000 °C in the southern part of the Great Hungarian Plain. The 
                                                          
* 2069−2098 for the PRECIS model  
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highest gGSAWI  values at the end of the 21st century (‘5mid’: 1806–2657 °C; ‘int’: 
1782–2607 °C) are projected by the PRECIS outputs, while the lowest values (‘5mid’: 
1369–2248 °C; ‘int’: 1338–2161 °C) are predicted by the RegCM simulation. 
Values of gGSAHI  calculated for the reference period are 1363–2204 °C, and 
1305–2161 °C calculated with the ‘5mid’ and ‘int’ (see Fig. 3) methods, 
respectively. Similarly to gGSAWI , higher values appear in the southern part of the 
Great Hungarian Plain. At the end of the 21st century, gGSAHI  values are projected 
to exceed even 3000 °C in this region. RegCM simulation shows the smallest 
increase (600–800 °C increase) and PRECIS outputs show the largest increase 
(1000–1300 °C increase) by the end of the 21st century. 
Values of )(kAWI gGS  and )(kAHI gGS  calculated with both methods (‘5mid’ and 
‘int’) project significant (p < 0.05) increases from all examined time periods to 
later time period(s). 
 
 
 
Fig. 3. Values of adjusted Huglin’s heliothermal index ( gGSAHI , °C) in Hungary calculated 
with the ‘int’ method. Rows represent different time slices, i.e., 1961−1990 (upper row), 
2021−2050 (middle row), and 2071−2100* (lower row). Columns correspond to RegCM 
(left), ALADIN (middle), and PRECIS (right) simulations. 
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3.3. Adjusted hydrothermal coefficient ( gGSAHTC ) 
Values of gGSAHTC  are in the range of 0.82–1.69 in Hungary in the reference period 
(see Fig. 4). High temperature with low precipitation ( gGSAHTC  values below 1.0) 
is usual in the plain regions, while gGSAHTC  values above 1.0 appear in the hilly 
terrains. The RCM simulations predict decreasing gGSAHTC  values ( gGSAHTC : 
0.54−1.44) during the 21st century. This prediction corresponds to a decrease of 
the dominance of temperature over precipitation, however, gGSAHTC  values are not 
expected to fall into the critical interval (i.e., below 0.5).  
)(kAHTC gGS  values predicted by PRECIS outputs for the end of the 21st 
century differ significantly (p < 0.05) from the estimated values of the reference 
period (see Fig. 5). 
 
 
 
 
Fig. 4. Values of the adjusted hydrothermal coefficient ( gGSAHTC ) in Hungary calculated 
with the ‘int’ method. Rows represent different time slices, i.e., 1961−1990 (upper row), 
2021−2050 (middle row), and 2071−2100* (lower row). Columns correspond to RegCM 
(left), ALADIN (middle), and PRECIS (right) simulations. 
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Fig. 5. Comparison of the adjusted hydrothermal coefficient ( gGSAHTC ) for Hungary 
calculated with the ‘int’ method. Rows represent different time slices, i.e., 1961−1990 
(upper row), 2021−2050 (middle row), and 2071−2100* (lower row). Columns correspond 
to RegCM (left), ALADIN (middle), and PRECIS (right) simulations. The different letters 
(or colors) show significantly different values with Bonferroni’s correction at the p < 0.05 
level. 
 
 
 
 
3.4. Sum of precipitation ( gGSP ) 
According to all three RCMs, values are in the range of 270−445 mm in Hungary 
in the time period 1961−1990. This amount is sufficient for the vital activities of 
grapevine (Kozma, 2002). )(kPgGS  values do not show significant (p > 0.05) change 
for the 21st century. Results calculated from the RegCM outputs with the ‘5mid’ 
method show significant (p < 0.05) increase of )(kPgGS  in the Transdanubian region 
and in northeastern Hungary during the 21st century. 
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3.5. The length of the annual longest rainy and dry unbroken periods of 
precipitation (
g
GSALRP _5  and 
g
GSBLDP _1 ) 
The distribution of precipitation during the year is also important for grapevine 
production. The projected changes of )(_5 kLRP
g
GSA  values are not significant 
(p > 0.05) in the investigated time period. The average values of 
g
GSALRP _5  are  
3–4 days. Statistically significant (p < 0.05) increase in the )(_1 kLDP
g
GSB  values is 
projected by ALADIN (using both the ‘5mid’ and ‘int’ methods) and PRECIS 
(using the ‘5mid’ method). )(_1 kLDP
g
GSB  values are estimated to increase from 
means of 12–29 days during the reference period to averages of 15–39 days by 
the end of the 21st century (see Fig. 6). Higher values are expected primarily in 
the region of the Great Hungarian Plain. 
 
 
Fig. 6. Average length of the annual longest unbroken (dry) period of precipitation with 
below 1 mm per day during growing season ( g GSBLDP _1 , day) in Hungary calculated with 
the ‘int’ method. Rows represent different time slices, i.e., 1961−1990 (upper row), 
2021−2050 (middle row), and 2071−2100* (lower row). Columns correspond to RegCM 
(left), ALADIN (middle), and PRECIS (right) simulations. 
                                                          
* 2069−2098 for the PRECIS model  
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3.6. The number of years with extreme high temperature ( g GSAYN _35 ) 
Extreme temperature indices as risk factors in grapevine production are also 
examined. According to RCM simulations, at least one day occurs every second 
or third year that has a maximum temperature above 35 °C in the reference period. 
Such extreme events are most frequent in the southeastern and northwestern parts 
of Hungary. Day(s) with a maximum temperature above 35 °C are projected to 
occur in almost every year at the end of the 21st century. 
3.7. The number of days with extreme low temperature (
g
GSfmBDN _1  ,
g
DmBDN _17  
and 
g
DmBDN _21 ) 
The different RCM simulations and growing season calculation methods provide 
quite diverse results. The maximum value of g GSfmBDN _1  are 20 and 99 when using 
the ‘int’ method in case of the ALADIN and RegCM simulations, respectively. 
Spatial distributions of g GSfmBDN _1 derived with different growing season 
calculation methods are also diverse. Using the ‘int’ method, we get lower values 
of g GSfmBDN _1 in plain regions are lower than in hilly terrains. Contrary to this, based 
on the ‘5mid’ method, values of g GSfmBDN _1  are usually higher in the plain regions.  
On one hand, the PRECIS simulation predicts no day at all with a daily 
minimum temperature below −17 °C (−21 °C). On the other hand, g DmBDN _17
values are estimated in the range of 6−113 days (RegCM simulation) and 
6−100 days (ALADIN simulation) for the reference period by the other two RCM 
simulations. The highest values appear in the Northern Hungarian Mountains. 
According to both the RegCM and ALADIN simulations, the number of days with 
a daily minimum temperature below −17 °C may become zero during the 21st 
century. The likely range for g DmBDN _17 values by the end of the 21st century is 
0−8 days.  
g
DmBDN _21 values are in the range of 0−20 days and 0−13 days (according to 
RegCM and ALADIN simulations, respectively) in the time period 1961−1990. 
During the 21st century, these extreme temperature events are likely to disappear 
almost completely. 
4. Discussion and conclusions 
The aim of the presented study is to refine the growing season calculation methods 
based on fixed calendar days and find the most accurate ones (‘5mid’ and ‘int’) 
using the root-mean-square error compared to the reference growing season 
values based on averaging the daily mean temperature for several decades. The 
selected methods are able to handle the extreme temperature events. First we use 
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the ‘5mid’ and ‘int’ methods for the calculation of the beginning, the end, and the 
length of the growing season. We apply these methods to prepare some climatic 
indicators which are usually used in viticulture studies. In the calculations, a fixed 
biological base temperature (10 °C) is used for the grapevine (Amerine and 
Winkler, 1944; Winkler et al., 1974; Kozma, 2002). Our further aim is to sensitize 
the growing season calculation methods for different grapevine cultivars by 
modeling their special temperature demands (Hlaszny, 2012; Fraga et al., 2016). 
Our results suggest that the growing season is to become significantly longer 
during the 21st century, which should be taken into account when calculating the 
growing season, and thus, should be adjusted to the thermal conditions. The 
increasing length of the growing season appears in a form of an earlier beginning 
and a later end. 
Hungary is considered as a one of the countries close to the northern border 
of quality wine production (Schultz and Jones, 2010). Therefore, grapevine 
cultivar assortment is limited by climatic conditions. According to Van Leeuwen 
et al. (2008), grapevine cultivars have different heat requirements for their 
phenological stages, including the ripening time. The sum of heat claim has a large 
range across the varieties, from 1204 °C to 1940 °C for Chasselas and Mourvèdre, 
respectively. However, the necessary sum of heat for a given variety is not 
consistent for cool and warm climates. 
The increase of heat sum indicator values (e.g., Huglin index) for the 21st 
century, is projected by regional climate models based on A1B scenario 
(Nakicenovic and Swart, 2000) in several studies for European wine regions (e.g., 
Malheiro et al., 2010; Neumann and Matzarakis, 2011). Based on the projection for 
the future, complex analyses of climatic indicators are necessary (Fraga et al., 2014).  
Also, according to our results, values of heat sum indicators are expected to 
increase. Therefore, wide settlement and economical production of late-ripening 
and red grapevine cultivars with higher heat demand can become more likely in 
Hungary. Moreover, the length of periods with low precipitation and the 
occurrence frequency of days with extreme high temperature are expected to 
increase significantly, which are potential risk factors in grapevine production 
(Kozma, 2002). Nevertheless, a highly probable propitious effect is the projected 
significant decrease of winter frost damage events. 
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